Study Objectives: To compare three different methods, two visual and one automatic, for the quantification of rapid eye movement (REM) sleep without atonia (RSWA) in the diagnosis of REM sleep behavior disorder (RBD) in Parkinson's disease (PD) patients. Methods: Sixty-two consecutive patients with idiopathic PD underwent video-polysomnographic recording and showed more than 5 minutes of REM sleep. The electromyogram during REM sleep was analyzed by means of two visual methods (Montréal and SINBAR) and one automatic analysis (REM Atonia Index or RAI). RBD was diagnosed according to standard criteria and a series of diagnostic accuracy measures were calculated for each method, as well as the agreement between them. Results: RBD was diagnosed in 59.7% of patients. The accuracy (85.5%), receiver operating characteristic (ROC) area (0.833) and Cohen's K coefficient (0.688) obtained with RAI were similar to those of the visual parameters. Visual tonic parameters, alone or in combination with phasic activity, showed high values of accuracy (93.5-95.2%), ROC area (0.92-0.94), and Cohen's K (0.862-0.933). Similarly, the agreement between the two visual methods was very high, and the agreement between each visual methods and RAI was substantial. Visual phasic measures alone performed worse than all the other measures.
INTRODUCTION
Rapid eye movement (REM) sleep behavior disorder (RBD) is a parasomnia characterized by partial or complete loss of normal muscle atonia during REM sleep, associated with vivid dreams and dream-enacting behavior.
1,2 RBD is very common in patients affected by neurodegenerative diseases, belonging to the group of alpha-synucleinopathies, namely Parkinson's disease (PD), Multiple System Atrophy, and Dementia with Lewy bodies. [3] [4] [5] [6] [7] Several lines of evidence indicate that RBD in PD is a marker of a more widespread neurodegenerative process, particularly associated to an increased risk for cognitive decline. 8 Therefore, the correct identification of RBD in PD may bear important prognostic implications for patients and it might become critical when neuroprotective and disease modifying therapies will hopefully be available. REM sleep without atonia (RSWA) is the polysomnographic (PSG) hallmark for the diagnosis of RBD, and consists of sustained (tonic) loss of normal muscle atonia during REM sleep, and/or intermittent (phasic) excessive electromyogram (EMG) activity during REM sleep.
A reliable quantification of RSWA is critical in order to diagnose RBD, and various methods to assess motor activity during REM sleep have been developed. The first and widely accepted visual scoring method to quantify RSWA was originally developed by Lapierre and Montplaisir 9, 10 (here referred to as the Montréal method) and subsequently validated in 2010 in a study investigating a sample of eighty idiopathic RBD patients. 10 Authors showed that the presence of >30% of 20-second epochs containing tonic EMG activity led to a correct classification of 82% of patients, while >15% of 2-second mini-epoch containing phasic EMG activity led to a correct classification of 84% of them. 9 The same method showed that most PD patients with RBD have >20% of 20-second epochs containing tonic EMG activity. 11 The Montréal method has also been shown to perform similarly if 30-second epochs are used. 12 Moreover, the Barcelona and Innsbruck groups, known as SINBAR group, performed a study comparing RSWA assessed in 11 different body muscles, and in different combinations, in a group of 30 RBD patients including 15 PD. 13 Authors found that a montage including upper limb plus chin EMG derivations better differentiated RBD patients from control subjects than chin alone. 13 Specifically, among other measures, a cut-off of >32% of 3-second REM sleep epochs containing the combination of any (either tonic or phasic) chin EMG activity and bilateral Flexor Digitorum Superficialis (FDS) phasic EMG activity brought the best discriminative power. 13 More recently, based on data published by the SINBAR group, [13] [14] [15] [16] a cut-off value of 27% of 30-second epochs of REM sleep containing any (either tonic or phasic) chin EMG activity combined with bilateral FDS EMG phasic activity, was indicated to be the most current evidence-based data for detecting
Statement of Significance
The diagnosis of RBD in Parkinson's disease is often challenging, because of subclinical forms, but it may bring prognostic and therapeutic implications. A reliable quantification of REM sleep without atonia (RSWA) is critical in order to diagnose RBD, and various methods, either visual or automatic, have been developed. Visual methods are time-consuming and require specialized expertise. We compared the diagnostic accuracy of two widely used visual methods and one automatic, in the diagnosis of RBD in PD, finding a substantial agreement. The automatic method may be used as first line to detect RSWA in diagnosing RBD in PD, together with the inspection of video-recorded behaviors, while the visual analysis of RSWA might be used in doubtful cases.
RSWA in the diagnosis of RBD by the American Academy of Sleep Medicine (AASM), as mentioned in the International Classification of Sleep Disorders third edition (ICSD-3). 17 However, manual-visual scoring is time consuming and requires specialized expertise, making it little convenient in the clinical practice. Additionally, these methods have been validated only in small cohorts of PD patients.
Recently, an automatic scoring algorithm, also known as the REM sleep Atonia Index (RAI), has been developed in order to overcome these limits. 18, 19 RAI showed a good sensitivity, specificity, and correct classification, with general agreement between methods and Cohen's kappa values in the "good" range when compared with the Montréal method in a recent study including seventy-four idiopathic RBD patients. 12 So far, no study has compared the accuracy, sensitivity, and specificity of RSWA measures obtained with the three methods, namely the automated and the manual-visual ones, in patients with PD.
Thus, the aims of this present study were: (1) to assess the concordance of the two visual scoring methods for RSWA, namely the Montréal 10 and the SINBAR 13 approaches, in patients with PD and (2) to compare the RAI automated method 18 with the two visual scoring methods, in order to assess their correct classification accuracy and reciprocal agreement, as well as their role in the clinical diagnosis of RBD in PD.
SUBJECTS AND METHODS

Subjects
Seventy-three (44 male, 29 female, mean age 64.10 ± 8.47 years) non-demented PD patients, consecutively seen at two Movement Disorder Centers, namely the University Hospital in ClermontFerrand, France (n = 63), and the Le Molinette University Hospital in Turin, Italy (n = 10), for their routine evaluation, were recruited. The inclusion criterion was the diagnosis of idiopathic PD based on the United Kingdom PD Society Brain Bank Criteria. 20 Exclusion criteria were the presence of alternative causes of parkinsonism, a concomitant dementia (defined by a score <26 in the Mini Mental State Examination, MMSE), the presence of a psychiatric disease according to the Diagnostic Statistical Manual (DSM-V), the use of device aided therapy, such as subcutaneous Apomorphine infusion, intra-duodenal gel infusion or deep brain stimulation. RDB was either diagnosed or ruled out according to the ICSD-3 criteria. 17 Patients were examined by a neurologist expert in Sleep Medicine (MLF, MZ) who conducted an in-depth interview, focused on RBD history and features. PD history and symptoms, as well as treatment data were collected by neurologist expert in movement disorders (AM, FD, MZ). The Total Levodopa Equivalent Daily Dose (LEDD), together with the Dopamine Agonist (DA) Levodopa Equivalent Daily Dose (DA-LEDD) were calculated according to Tomlinson et al. 21 The Ethical committee of each center (Clermont-Ferrand, France; Turin, Italy) approved the study and all patients gave written informed consent, according to the Declaration of Helsinki.
PSG Recordings
All patients underwent one full-night attended video-polysomnography (video-PSG) recording in sleep laboratory with digital polysomnography according to the AASM recommendations. 22 Video-PSG was performed with digitally synchronized videography and the following montage was employed: electroencephalographic leads (F3-A2, F4-A1, C3-A2, C4-A1, O1-A2, O2-A1), left and right electrooculography (EOG) channels, bilateral surface EMG channels (submentalis, FDS on upper limbs, and tibialis anterior on lower limbs), and electrocardiography. The respiratory analysis included nasal airflow, which was recorded by both thermistor and nasal pressure sensor, thoracic, and abdominal respiratory effort, oxygen saturation recording by cutaneous finger pulse-oxymeter and microphone. Patients were asked to sleep uncovered in order to improve the detection of motor activity, but a light sheet could be allowed for their comfort.
Sleep stages were scored according to AASM criteria, 22 with allowance to chin EMG muscle tone during REM sleep. The following sleep data were collected for descriptive purpose: total bed time, total sleep time, sleep efficiency, sleep latency, wake after sleep onset (W), number of REM sleep episode, percentage of time in each sleep stage (N1, N2, N3, R), arousal index, periodic limb movements index, Apnea-hypopnea index, oxygen-desaturation index, arousal index.
Diagnosis of RBD
The diagnosis of RBD was made according to the ICSD-3, 17 including a quantitative measure of RSWA, namely "any chin EMG activity, tonic and/or phasic, combined with bilateral phasic activity of the flexorum digitorum superficialis (FSD) muscle" in ≥27% of REM sleep scored in 30-second epochs. The rational to choose this cut-off, based on the SINBAR method, 16 as reference standard, relies on the fact that the latter has been included in the ICSD-3 "as the most current evidence-based data for detecting RSWA in the evaluation of RBD, reliably distinguishing RBD patients from controls." Patients were excluded from the analysis if they had spent less than 5 minutes in REM sleep, since this REM duration was believed to be insufficient for a reliable assessment of RSWA. Each video-recorded REM sleep period was carefully analyzed in order to detect any motor behaviors or sleep vocalizations referable to RBD, such as violent and non-violent motor complex activity.
RSWA Visual Scoring Methods
The manual-visual scoring of RSWA was performed according to two previously published methods, the Montréal, 9, 10 adapted to 30-second epochs, 12 and the SINBAR method. 13, 14, 16 The EMG activity of the chin and bilateral FDS were analyzed. REM sleep epochs were carefully examined for artifacts, and increases in EMG tone caused by respiratory arousal were excluded. The minimum amplitude of EMG activity during non-REM (NREM) sleep was considered as the background EMG activity for each patient. The EMG signal was analyzed with a notch filter at 50 Hz and rectified. Visual scoring was performed by a single sleep-specialist scorer (MF), who was blinded to RBD history.
The Montréal Method
According to the method described elsewhere, 9,10 adapted to 30-second epochs, each epochs was scored as "tonic" when the increased sustained EMG activity was present in more than 50% of the 30-second epoch duration, with an amplitude a least twice the background EMG muscle tone, or more than 10 µV; otherwise epochs were scored as atonic. Tonic EMG density represented the percentage of 30-second epoch scored as tonic. Phasic chin EMG activity was scored dividing each 30-second epoch into 2-second mini-epochs; the phasic EMG activity can be scored both in atonic and tonic epochs. Phasic chin EMG density represented the percentage of 2-second mini-epochs containing EMG events lasting 0.1-10 seconds, with amplitude exceeding four times the amplitude of background EMG activity. According to previous findings, REM sleep chin EMG activity was considered to be abnormal when tonic chin EMG density was ≥30% and/or phasic chin EMG density was ≥15%.
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The SINBAR Method The analysis was made according to previous published data by the SINBAR group, 13, 14, 16 evaluating chin EMG activity, as tonic, phasic or "any" (either tonic or phasic), and phasic EMG activity at bilateral FDS muscle. Each epoch was scored as "tonic" when the increased sustained EMG activity was present in more than 50% of the 30-second epoch duration with an amplitude at least twice the background EMG muscle tone, or more than 10 µV. Phasic EMG activity was scored into 3-second mini-epochs, and was defined as any burst of EMG activity lasting 0.1 to 5 seconds with amplitude exceeding twice the background EMG activity. Phasic chin EMG burst superimposed on a background of tonic activity, during a 3-second mini-epoch, was required to have at least twice the amplitude of the background tonic EMG activity within the same 3-second mini-epoch. Each 3-second mini-epoch was scored having or not "any" EMG activity, when containing either tonic and/or phasic EMG activity within the same mini-epoch, in order to include EMG activity lasting from 5 to 15 seconds, that was not measured in previous method. The percentages of 3-second mini-epochs containing phasic chin EMG activity as well as "any" chin EMG activity, out of the total REM sleep mini-epochs, was calculated. The percentage of 3-second mini-epochs with "any chin EMG activity combined with bilateral phasic FDS EMG activity," out of the total REM sleep 3-second mini-epochs, was also calculated. The percentage of 30-second epochs containing five or more 3-second mini-epochs with "any chin EMG activity combined with bilateral phasic FDS EMG activity" out of the total REM sleep epochs was calculated. The SINBAR group found the best specificity and sensitivity with the following cut-off values: >16.3% of 3-second mini-epochs with phasic chin EMG activity, >18% of 3-second mini-epochs with any chin EMG activity, >32% of 3-second mini-epochs with any chin EMG activity combined with bilateral phasic EMG activity in the FDS, and >27% of 30-second epochs with any chin EMG activity combined with bilateral phasic EMG activity in the FDS.
RSWA Automatic Scoring (RAI)
The automatic quantification of chin EMG activity was made according to an established automatic scoring algorithm, 18, 19, 23 by means of the HypnoLab software (SWS-Soft, Italy). The chin EMG signal was digitally band-pass filtered at 10-100 Hz, with a notch filter at 50 Hz and rectified. Each sleep epoch included in the analysis was divided into 1-second mini-epochs, and the average amplitude of the rectified chin EMG signal was obtained for each mini-epoch. After a noise reduction procedure, 18 the values of the chin EMG signal amplitude in each 1-second mini-epoch were used to compute the percentage of values in the following 20 amplitude (amp) classes, expressed in µV: amp ≤ 1, 1 < amp ≤ 2, …, 18 < amp ≤ 19, amp > 19. Muscle atonia is revealed by high values of the first class (amp ≤ 1) whereas phasic and tonic activations are expected to increase the value of the other classes. 18, 19 An index summarizing in a single value the degree of preponderance of the first class was used in REM sleep: RAI = amp ≤ 1/(100-1 < amp ≤ 2). RAI can vary from 0 (absence of mini-epochs with amp ≤ 1 that is complete absence of EMG atonia) to 1 (all mini-epochs with amp ≤ 1 or stable EMG atonia in the epoch). RAI values < 0.8 are strongly indicative of altered (reduced) chin EMG atonia during REM sleep; while values of RAI between 0.8 and 0.9 indicate a less evident alteration of atonia, and values above 0.9 are characteristic of normal recordings. 18 RAI was computed completely blinded to the results of the manual scoring methods and to the RBD status of the patients.
Statistical Analysis
Between-group differences on clinical, demographic, and video-PSG features were assessed with the Student's t test. Specificity, sensitivity, positive predictive value (PPV), negative predictive value (NPV), and correct classification of RBD were assessed for the following parameters: RAI < 0.8, tonic chin EMG density ≥ 30%, phasic chin EMG density ≥ 15% (scored in 2-second mini-epoch) and ≥ 16.3% (scored in 3-second mini-epoch), any chin EMG activity scored in 3-second mini-epoch ≥ 18%, any 3-second mini-epoch chin EMG combined with bilateral phasic FDS EMG activity ≥ 32% and any 30-second epoch chin EMG combined with bilateral phasic FDS EMG activity ≥ 27%. The accuracy of the different parameters to discriminate RBD from no-RBD patients was evaluated using receiver operating characteristic (ROC) curve analysis and the calculation of the area under the curve (AUC). Additionally, the weighted comparison (WC) measure 24 was calculated for any chin EMG combined with bilateral phasic FDS EMG activity ≥ 27% in 30-second epoch versus all other methods; WC is an index weighting the difference in sensitivity and difference in specificity of two tests, taking into account the relative clinical cost (misclassification costs) of a false positive compared with a false negative diagnosis and disease prevalence. WC was then converted into an equivalent increase in true positive patients per 1000 (if all the benefit is focused into true positive patients) by calculating WC × prevalence × 1000. Finally, the extent of the agreement of the different methods was quantified by means of Cohen's K coefficient.
RESULTS
Subjects
Of the original 73 patients, four did not have any REM sleep during video-PSG and seven had REM sleep duration shorter than 5 minutes, therefore they were excluded from the study.
The
. RBD was diagnosed in 37 out of 62 of our PD patients (PD-RBD; 59.7%), according to the ICSD-3 criteria, 17 including the presence of ≥27% of 30-second epochs of REM sleep containing any chin EMG activity or bilateral FDS phasic EMG activity. The remaining 25 patients constituted the PD-noRBD group. The clinical and demographic features of our patients are shown in Table 1 . There were no significant between-group differences, in age, gender, duration, and severity of PD (assessed by Hoehn & Yahr stage and Unified Parkinson Disease Rating Scale). All patients were taking dopamine replacement therapy (n = 61 levodopa, n = 34 DA), and no difference in LEDD and DA-LEDD was found between the two groups. A total of nine patients were taking drugs known to potentially increase RSWA. More specifically five patients were taking antidepressants (selective serotonin re-uptake inhibitor, SSRI). Among them, three had RBD (two of them developed RBD prior to starting antidepressant therapy) while two didn't have RBD. Four patients (three PD-RBD) were taking beta-blockers, and RBD preceded the initiation of this treatment in two cases. On the other hand, five (three PD-RBD) out of 62 patients were receiving clonazepam, and none was taking melatonin.
PSG Results
The PSG features are reported in Table 2 . There were no significant differences between PD patients with or without RBD for sleep architecture, periodic leg movements index, and apnea/hypopnea index. Only the amount of REM sleep was significantly lower in the group of PD-RBD patients compared to PD-noRBD.
Comparison of the Different RSWA Scoring Methods
For the visual scoring, a total of 4777 30-second epochs of REM sleep have been obtained, leading to 47 770 3-second mini-epochs and 71 655 2-second mini-epochs, respectively. Of these, 178 (0.37%) 3-second mini-epochs and 275 (0.38%) 2-second mini-epochs containing arousal-related both EMG activity or movement artifacts were excluded from the analysis. For the automated scoring, a total of 64 (1.34%) 30-second epochs of REM sleep containing artifacts were excluded. Data about EMG tone parameters obtained in PD patients with or without RBD are shown in Table 3 . Table 4 summarizes the analysis of the performance of the three methods, one automatic (RAI) and two visual (Montréal, SINBAR), to evaluate RSWA versus the clinical diagnosis of RBD in our patients with PD. The accuracy of both visual methods was high and very similar for those parameters including measures of tonic activities (alone or in combination with phasic activities) that we will call here "tonic" for simplicity. The same was not true for parameters taking into consideration only phasic activities. In particular, the 30-second tonic chin EMG density showed an accuracy of 95.2, an AUC of 0.940, and Cohen's K coefficient of 0.897, as well as the percentage of "any chin EMG activity combined with bilateral phasic EMG activity at FDS," scored in 30-second epoch. Both of these parameters showed the highest PPV (92.5), NPV (100), sensitivity (100%), and specificity (88%). The percentage of 3-second mini-epochs with "any chin EMG activity" showed an accuracy of 93.5, an AUC of 0.920, a Cohen's K coefficient of 0.862, a sensitivity of 100%, and a specificity of 84%. The percentage of 3-second mini-epochs with "any chin EMG activity Table 4 also reports the WC between the results obtained by the reference method (ie, SINBAR 30-second epochs of REM sleep containing any chin EMG activity or bilateral FDS phasic EMG activity ≥ 27%) and all the other methods. A very good agreement with the above measures was found, indicating a substantial equivalence between the reference and the Montréal tonic chin EMG density ≥ 30%, as well as the SINBAR any chin EMG activity scored in 3-second mini-epochs ≥ 18%. Surprisingly, the latter seemed to perform slightly better than the reference method using WC, translating into a benefit equivalent of 2 additional true positives × 1000 cases. Moreover, the reference method showed only a relatively small advantage compared to the RAI, which could be translated into a benefit equivalent of 19 true positives × 1000 cases. Table 5 illustrates the agreement (Cohen's K coefficient) between all possible pairs of measures of RSWA used in this study. The agreement between tonic chin EMG density and the visual parameter "any chin EMG activity combined with bilateral phasic FDS EMG activity in 30-second" was perfect (K = 1.000), while the agreement between tonic chin EMG density and the visual parameters "any chin EMG activity, scored in 3-second" and "any chin EMG activity combined with bilateral phasic FDS EMG activity in 3-second" was almost perfect 25 (respectively, K = 0.964 and K = 0.897). The agreement between RAI < 0.8 and all visual parameters was substantial (K = 0.784 with tonic chin EMG density, K = 0.745 with any chin EMG activity, scored in 3-second, K = 0.688 any chin EMG activity combined with bilateral phasic FDS EMG activity in 3-second, K = 0.784 any chin EMG activity combined with bilateral phasic FDS EMG activity in 30-second), except for phasic parameters. The percentages of 3-second or 2-second mini-epochs containing phasic EMG activity performed worse than the other parameters, showing lowest sensitivity, accuracy, AUC area, and the Cohen's K coefficient, whereas they showed good specificity and good positive predictive value. Also WC between the reference method and the phasic parameters was greatly in favor of the reference method.
DISCUSSION
The diagnosis of RBD relies on the presence of an excessive muscle tone during REM sleep but the definition of RSWA is still mostly qualitative, based on the scorer's subjective impression, rather than on a clear cut-off value. Recently published ICSD-3 criteria have specified to quantify RSWA "as defined by the guidelines for scoring PSG features of RBD in the most recent version of the AASM Manual for the Scoring of Sleep and Associated Events," 22 but the latter does not indicate an univocal way to quantify RSWA. 17 However, several methods have been developed to measure EMG activity during REM sleep and detect RSWA, showing good sensitivity and specificity to discriminate RBD from no-RBD patients. 9, 10, 13, 23, [26] [27] [28] [29] [30] [31] [32] Among them, the ICSD-3 17 indicates the SINBAR 13 method (>27% of 30-second epochs containing any chin EMG activity combined with bilateral phasic EMG activity in the FDS) as one of the most current evidence-based approaches for detecting RSWA in the evaluation of RBD and, for this reason, we used as the reference method for the subsequent comparison with other methods.
In this study, all three scoring methods assessing RSWA in PD, two visual and one automatic, showed high sensitivity, specificity and accuracy, especially "tonic" or "any EMG activity" parameters, while visual parameters considering only "phasic" EMG activities were associated to lower sensitivity and accuracy. First, this study found perfect or almost perfect agreement between the two visual scoring methods, Montréal and SINBAR, when they consider tonic EMG activities alone or in combination with phasic activities, but not when they measure only phasic activities. Moreover, we found a substantial agreement between the automatic scoring method, for example, the RAI, and the Montréal and SINBAR visual scoring methods, when they consider tonic EMG activities alone or in combination with phasic activities, but not when they measure only phasic activities. These findings confirm previous published data suggesting a good correlation between Montréal method and RAI in patients with idiopathic RBD, 12, 19 multiple system atrophy, 19 or narcolepsy. 23 Visual and automated assessment may differ in some technical aspects, namely the standard of rejection of periods containing artifacts. Indeed, in visual assessment, only mini-epochs containing arousal-related EMG activity are eliminated, while in RAI, 30-second epochs containing major artifacts are excluded, leading to a potential increase in artifact time rejection when assessing RAI that may represent a limitation. However, it has to be pointed out that, in this study, the percentage of rejection was very narrow for both visual and automatic methods (0.4% and 1.3% respectively), making unlikely that this difference would have a significant impact on the results.
It should be pointed out that the diagnosis of RBD was performed according to the ICSD-3 criteria that encompass one of the measures derived from the SINBAR method (namely the percentage of 30-second epochs with any chin EMG activity combined with bilateral phasic FDS EMG activity, with a cut-off value of 27%). Thus, the sensitivity of this particular parameter is necessarily equal to 100% and its performance in accuracy is maximal by definition because of this choice; conversely all the other parameters may be penalized to some extent.
Diagnosing RBD in PD is not a simple task, because of many reasons. First, PD patients with RBD may often have PSG abnormalities either alone (RSWA) or with mild non-clinical behaviors in sleep, such as limb twitching or jerking or simple vocalizations that may go unnoticed by the patient himself, particularly if sleeping alone, or by bed-partners (subclinical RBD 2, 33, 34 ). Moreover, video-behavioral episodes recorded in the sleep lab are often less elaborated and violent compared to those occurring at home, and the minimum amount or duration of video-recorded REM sleep motor behavior required to diagnose RBD is not currently defined.
However, since RBD in PD appears to be associated to a more widespread degenerative process, 35 with a particular increased risk for cognitive decline, 36 the diagnosis of RBD in PD may bear important prognostic and perhaps therapeutic implications in the next future, when disease modifying therapies would hopefully be available. Indeed, at that point, costs and benefits should be weighted, especially in case of potential severe side effects, and the presence of RBD would represent a strong argument in favor of an eventual disease-modifying strategy. It has been suggested that the chin EMG alone does not discriminate sufficiently patients from controls. Indeed, in a study on idiopathic RBD, no phasic chin EMG activation was found in 35.5% of the behavioral events observed by video-monitoring, while the simultaneous recording of the mentalis, FDS and extensor digitorum brevis EMG activity was able to detect the highest rates of REM sleep phasic EMG activity, as well as the majority (94.4%) of the motor and vocal manifestations occurring in RBD. 16 The authors thus recommended a montage including both chin and bilateral FDS muscles for the detection of RBD. Following this study, the ICSD-3 indicates a percentage ≥32% of 30-second epochs containing any tonic or phasic chin EMG activity and/or bilateral phasic FDS activity as a reliable way to define RSWA in RBD.
The addition of FDS metrics, in the present study, did not seem to provide an enhanced diagnostic power compared to the assessment of the chin EMG activity alone. Including FSD channels within the routine full PSG montage in PD patients may be time-consuming and add discomfort to the patient. Unless a clear diagnostic benefit is demonstrated from further studies performed by different groups, 13, 15 the quantification of FDS activity in the clinical work-up may be questionable, as our findings in patients with PD seem to indicate. On the other hand, recording FDS appears to be of great help in identifying video behavioral episodes when increased phasic EMG activity is observed in these leads on PSG recording.
Our data confirm that the automatic detection of RSWA is highly correlated with manual-visual measures in PD patients. This result is consistent with previous study comparing the RAI with the Montréal visual scoring method. 12 Other studies showed an excellent comparability of the RAI to one visual chin analysis similar to the SINBAR method, assessing directly phasic burst, in PD patients with RBD, 27 or RBD patients with depression, 37 and normal aging. 38 Quantification of RSWA is time-consuming and often unavailable in the clinical practice, while automatic analysis is fast and highly replicable. Furthermore, a limitation of both Montreal and SINBAR visual methods is that they rely on binary measures (ie, positive or negative), while the RAI method, as well as other visual scoring approach, 27 rely on more continuous measures, being more suitable for assessing biological activity like RSWA. On the other hand, the automatic analysis may have some disadvantages, such as incomplete sensitivity in detecting large artifacts, and is not included in most commercial sleep analysis software packages. However, in light of these results, it can be reasonably recommended that, in the clinical practice, automatic assessment of RSWA might be used first, with visual analysis employed when the automatic analysis cannot be applied for technical reasons, or in doubtful cases, together with the visual inspection of video recorded behaviors.
In the present study we found that PD-RBD patients have more "tonic" rather than phasic EMG activity alteration during REM sleep, suggesting a peculiar RBD phenotype in PD. The latter appears to be different from the idiopathic phenotype and from RBD associated with narcolepsy, 23, 39 and it seems to be more similar to that found in patients with multiple system atrophy, 19, 40 but perhaps with a lower degree of tonic alteration. Indeed, PD patients with RBD may have milder motor behaviors according to previous findings. [40] [41] [42] [43] This may be related to the neurodegenerative process itself, perhaps leading to an impairment of brain structures involved in muscle phasic activity generation. On the other hand, idiopathic RBD patients seeking medical attention are likely to be those with the most violent motor behaviors, and the prevalence of subclinical RBD in the general population is largely unknown. Further studies are warranted to ascertain whether PD patients have a reduced phasic EMG activity or an increased tonic EMG activity, or both, compared to idiopathic RBD.
Our study has some potential limitations. As in a previous paper, 12 we adapted the original "Montreal method" from 20-second to 30-second epochs, according to the current American Sleep Disorders Association (ASDA) recommendations for scoring sleep stages, but we choose to maintain the 2-second mini-epoch approach to score phasic activity. First, one must bear in mind that the choice of epochs length (30-second vs. 20-second) may impact on the tonic metrics, since more than 15 seconds rather than 10 seconds of tonic activity are required to score the whole epoch as "tonic," potentially leading to lower scores in the tonic activity using 30-second epoch windows compared to 20-second epochs. This has been shown by the works of the SINBAR groups. 13 Second, phasic activity consists in the ratio between the number of phasic mini-epochs and the total number of REM sleep mini-epochs and would not be affected by the epoch length. However, it may be argued than the total amount of 2-second mini-epochs, using 30-second epochs window, may be slightly higher than the one found using 20-second epoch window (because of the possible inclusion of NREM mini-epochs within REM sleep mini-epochs), leading to possible small differences in the 2-sec mini-epochs phasic metrics. Nevertheless, the difference was shown to be negligible and not to affect the correct classification of patients and controls in a previous study. 12 On the other hand, it is known that the two different visual methods implying the use of 2-second mini-epochs rather than 3-sec, may potentially lead to differences in phasic EMG activity assessment, for example when the same burst of EMG activity overlaps two consecutive mini-epochs in one case and falls within one only mini-epoch in the other case. Indeed, in our study, the percentage of phasic EMG chin activity assessed in 3-second mini-epochs was slightly higher than that of 2-second, as it is illustrated in Table 3 . The same can be evicted from past works, 10, 13, 39, 44 although no genuine comparisons can be made between the two methods because of the heterogeneity of the RBD populations included in these studies.
In conclusion, we found a substantial agreement between the automatic method (RAI) and the "tonic" parameters of the two visual methods (Montréal, SINBAR). Therefore, the automatic evaluation of EMG activity during REM sleep, together with visual inspection of video recorded behaviors, may be the first-line method to detect RSWA in PD patients, while visual scoring of RSWA may be useful in doubtful cases. Moreover, a peculiar pattern of REM sleep muscle tone alteration, mainly characterized by an increased tonic, rather than phasic, activity, seems to characterize RBD in PD, in contrast to what observed in both idiopathic and narcolepsy-related RBD.
